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Chromosome groups 5, 6
and 7 harbor major quantitative
trait loci controlling root
traits in bread wheat
(Triticum aestivum L.)

Tanushree Halder1,2,3*, Hui Liu1,2*, Yinglong Chen1,2,
Guijun Yan1,2 and Kadambot H. M. Siddique1,2*

1UWA School of Agriculture and Environment, The University of Western Australia, Crawley,
WA, Australia, 2The UWA Institute of Agriculture, The University of Western Australia, Crawley,
WA, Australia, 3Department of Genetics and Plant Breeding, Faculty of Agriculture, Sher-e-Bangla
Agricultural University, Dhaka, Bangladesh
Identifying genomic regions for root traits in bread wheat can help breeders

develop climate-resilient and high-yielding wheat varieties with desirable root

traits. This study used the recombinant inbred line (RIL) population of Synthetic

W7984 × Opata M85 to identify quantitative trait loci (QTL) for different root traits

such as rooting depth (RD), root drymass (RM), total root length (RL), root diameter

(Rdia) and root surface areas (RSA1 for coarse roots and RSA2 for fine roots) under

controlled conditions in a semi-hydroponic system. We detected 14 QTL for eight

root traits on ninewheat chromosomes; we discovered threeQTL each for RD and

RSA1, twoQTL each for RM and RSA2, and one QTL each for RL, Rdia, specific root

length and nodal root number per plant. The detected QTL were concentrated on

chromosome groups 5, 6 and 7. The QTL for shallow RD (Q.rd.uwa.7BL: Xbarc50)

and high RM (Q.rm.uwa.6AS: Xgwm334) were validated in two independent F2
populations of Synthetic W7984 × Chara and Opata M85 × Cascade, respectively.

Genotypes containing negative alleles for Q.rd.uwa.7BL had 52% shallower RD

than other Synthetic W7984 × Chara population lines. Genotypes with the positive

alleles for Q.rm.uwa.6AS had 31.58% higher RM than other Opata M85 × Cascade

population lines. Further, we identified 21 putative candidate genes for RD

(Q.rd.uwa.7BL) and 13 for RM (Q.rm.uwa.6AS); TraesCS6A01G020400,

TraesCS6A01G024400 and TraesCS6A01G021000 identified from

Q.rm.uwa.6AS, and TraesCS7B01G404000, TraesCS7B01G254900 and

TraesCS7B01G446200 identified from Q.rd.uwa.7BL encoded important proteins

for root traits. We found germin-like protein encoding genes in bothQ.rd.uwa.7BL

andQ.rm.uwa.6AS regions. These genes may play an important role in RM and RD

improvement. The identified QTL, especially the validated QTL and putative

candidate genes are valuable genetic resources for future root trait

improvement in wheat.
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Introduction

Wheat is the most important cereal crop exported in developing

countries as a primary source of protein (20%) and calories (21%)

(Singh, 2019; Vishwakarma et al., 2022). Climate change is

stimulating multiple abiotic stresses affecting crop nutrient

acquisition, grain yield and quality (Asif et al., 2019; Kumar et al.,

2022), and thus threatening global crop productivity (Calleja-

Cabrera et al., 2020). However, crop production needs to be at

least double by 2050 to feed the future world population (Woo et al.,

2021) including the current wheat production (775.6 million tons)

(Alexandratos and Bruinsma, 2012; Singh, 2019; Halder

et al., 2022).

Roots are pivotal for supplying water and nutrient to crops

(Lynch, 2007) and for anchorage (Fitter, 2002), and thus directly

affect grain yield (Lynch, 2007). However, due to the heterogeneous

nature of soil environments—variations in soil texture, pH, water

and nutrient (Li et al., 2021), root traits change according to

environmental variations to capture edaphic resources (Grossman

and Rice, 2012; Rogers and Benfey, 2015). For example, under well-

watered and low moisture conditions, the shallow root system of

durum wheat contributed more to yield than the deep root system

while under water-limited conditions, deeper roots contributed to

higher grain yields (El Hassouni et al., 2018). Furthermore, root

traits vary genetically (Scheiner, 1993) and are highly heritable (Fitz

Gerald et al., 2006). Therefore, genetic research on different root

traits is essential for improving climate resilience and yield potential

in crops (Zheng et al., 2019). Quantitative trait loci (QTL)

identification is a popular approach for investigating genetic

variation in quantitative traits (i.e., root traits) in many cereal

crops including wheat. QTL identification requires molecular

linkage maps coupled with precise phenotyping (Collard et al.,

2006; Shukla et al., 2014; Soriano and Alvaro, 2019). However,

obtaining reliable root data for identifying root trait associated QTL

from a large number of genotypes grown in soil is challenging due

to invasive nature of soil, labor intensity and is time-consuming

approach (Atkinson et al., 2015; Ren et al., 2017; Chen et al., 2018).

To overcome this limitation, hydroponic (Horn et al., 2016; Ren

et al., 2017) and semi-hydroponic (Halder et al., 2021) systems have

been used to study wheat root system, and are equally useful for

QTL studies (Ren et al., 2017).

QTL studies have revealed the contribution of root trait QTL to

grain yield, stress tolerance, and nutrient uptake at different growth

stages in wheat (Cai et al., 2008; Bennett et al., 2012; Bai et al., 2013;

Ayalew et al., 2017; Ren et al., 2017; Khalid et al., 2018; Alahmad

et al., 2019; Salarpour et al., 2020), indicating the value of QTL

identification in marker-assisted breeding (MAS) for root traits. For

example, rooting depth (RD) and grain yield spike–1 were co-

localized with the flanking marker D_GA8KES401CIKOJ–160-

BS00067285_51 on chromosome 7D (Salarpour et al., 2020). Root

trait QTL of wheat seedlings correlated with QTL at maturity (Bai

et al., 2013; Atkinson et al., 2015). In a doubled haploid (DH) of

Rialto × Savannah, a grain yield QTL was co-located with different

root traits including RD and total root length (RL) of wheat seedling

on chromosome 7D (Atkinson et al., 2015). Co-localized QTL for

thousand grain weight and root traits, including RL, root surface
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area (RSA), and root dry mass (RM) were found on chromosomes

4D, 5A and 6A (Bai et al., 2013). Therefore, genetic studies of root

traits at the seedling stage might play important role in wheat yield

improvement. Under normal and drought conditions, Ayalew et al.

(2017) reported a stable QTL for RM on chromosome 5AL of

recombinant inbred lines (RILs) of Synthetic W7984 × Opata M85.

Under 35°C heat stress, a QTL for RD was found on chromosome

4D in the same population (Lu et al., 2022). Ren et al. (2017) found

three significant QTL for RM on chromosomes 2A, 2D and 3B

under controlled conditions and two QTL each on chromosome 4B

under both low N and phosphorus (P) conditions; they also

reported two QTL for RD each on chromosome 2B under both

P- and N- limited conditions. A QTL for RM, qRNAX.7A.3, showed

salt stress tolerance in the F2 of WTSD91 × WN-64 (Hussain et al.,

2017). As wheat is a polyploid with a large genome, many QTL for

root traits in wheat remain unexplored. Additionally, only a few

QTL for root traits have been validated including RD (Qrls.uwa.1AS

and Qrls.uwa.3AL) on chromosome 3A (Ayalew et al., 2017), RL

(QTrl.saw-2D.2) on chromosome 2D (Zheng et al., 2019), RM on

chromosome 6B (AX-109558906–AX-110028322) and chromosome

7B (AX-95025477–AX-95121748) (Meng-jiao et al., 2020).

The availability of the wheat reference genome has improved

the identification of traits controlling candidate genes in QTL

regions of specific chromosome and the preciseness and

usefulness of QTL mapping for MAS breeding (Appels et al.,

2018). In the last decade, several candidate/putative candidate

genes of wheat root traits have been reported in the identified

QTL regions (Wu et al., 2017; Soriano and Alvaro, 2019; Zheng

et al., 2019; Li et al., 2020; Yang et al., 2021b; Griffiths et al., 2022; Li

et al., 2022). For example, Wu et al. (2017) identified five putative

candidate genes from QTL for root diameter (Rdia) on

chromosomes 1BL, 2BL, 3BL, 3DL and 7DS under P stress

conditions. TraesCS2D02G594400 and TraesCS2D02G594700

candidate genes were reported for RL QTL on chromosome 2D

under controlled conditions (Zheng et al., 2019). However, none of

the genes were functionally validated.

The genetics of wheat root traits are complex (Griffiths et al.,

2022) due to the large genome (17 Gb) and polyploidy nature of

bread wheat (Borrill et al., 2019). Therefore, genetic studies that

identify QTL and associated genes of multiple root traits will help to

understand the molecular mechanism of wheat root systems (Zheng

et al., 2019), ultimately helping to develop climate-resilient, high-

yielding wheat genotypes. Therefore, this research aimed to identify

QTL for different root traits from RILs developed from Synthetic

W79804 and Opata M85, validate key QTL in two populations with

different genetic backgrounds and identify candidate genes within

the flanking markers of the validated QTL.
Materials and methods

Plant materials

A population of 103 RILs developed from a cross between

highly polymorphic parents Synthetic W7984 (T. turgidum cv. Altar

84/Aegilops tauschii Coss. line WPI 219) and Mexican spring wheat
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(Opata M85) accessed through the International Triticeae Mapping

Initiative (Salem et al., 2007; Sorrells et al., 2011) was used for the

genetic mapping study. In addition, F2 populations of Synthetic

W7984 × Chara and Opata M85 × Cascade with different genetic

backgrounds to RILs were developed to validate the phenotypic

effect of two identified QTL for RD and RM, respectively.
Experimental design and evaluation of root
traits in RILs

Synthetic W7984, Opata M85, and the 103 RILs were grown in a

semi-hydroponic system (Chen et al., 2011b) for 42 days in a

randomized block design with four replicates for each genotype.

The experimental conditions and trait measurements were the same

as described by Halder et al. (2021). All plants were assessed at tiller

onset [Zadoks 2.4; (Zadoks et al., 1974)], i.e. 42 days after

transplanting. Briefly, the experiment was conducted in a

temperature controlled (10–24°C) glasshouse at The University of

Western Australia (UWA), Perth, from mid-June to late-August

2019. Wheat seedlings (4–5 cm long roots) grown in washed river

sand were transplanted into bins for a semi-hydroponic system

containing 35 L nutrient solution.

At harvest, the maximum depth of a plant root (RD) was

measured with a ruler from its crown, and the number of nodal

roots per plant (NNR) was counted manually. After capturing

photographs of the root system using a portable photographing

system, the root system were separated from the shoot. Root

sections (≤ 20 cm) were scanned at 400 dpi using a desktop

scanner (Epson Perfection V800/850) to determine other root

traits—RL (sum of all root length types), Rdia, RSA and root

diameter length (RDCL) of fine roots (root diameter< 0.25 mm)

and coarse roots (root diameter > 0.25 mm)—were measured using

WinRHIZO Pro software (v2009, Regent Instruments Inc.,

Montreal, QC, Canada). Specific root length (SRL) was calculated

as the RL per unit of RM, and root length intensity (RLI) was the RL

per unit of RD. Root growth rate is the RD per day. RM is the weight

of the whole root system after air-forced oven drying (65°C for

72 h). Further, using the phenotypic data, broad-sense heritability

(H2) of the root traits was calculated as:

H2 = s 2
G=½s 2

G +   s
2
E
n �, where s 2

G   is genotypic variance (mean

sum of squares of a trait) and s 2
E is environmental variance (residual

mean sum of square) from the analysis of variance, and n is

replication number per genotype (4) (Wu et al., 2013; Ben Sadok

et al., 2015).
QTL mapping

Molecular marker data and the linkage map of the Synthetic

W7984 × Opata 85 RIL mapping population were accessed from the

GrainGenes database (https://wheat.pw.usda.gov/cgi-bin/GG3/

report.cgi?class=mapdata&name=Wheat%2C%20Synthetic%20x%

20Opata%2C%20BARC). The linkage map comprised 1,476 simple-

sequence repeats (SSR) and restriction fragment length
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polymorphism (RFLP) markers distributed across 21 linkage

groups. Among the available markers, 1,018 with known

chromosomal locations were used for QTL mapping of the target

root traits. The genetic map spanned a length of about 500 cM with

an average marker density of 1 cM after filtering the 20% missing

values from the dataset.

The composite interval mapping method in Windows QTL

Cartographer V2.5_011 was used to identify root traits QTL; the

logarithm of odds (LOD) threshold value was set to ≥ 2.5 based on

500 and 1,000 permutations at the 5% significance level. LOD > 2.5

indicate the presence of significant QTL in a particular genomic

region for an individual trait. The square of the partial correlation

coefficient (R2) estimates the phenotypic variance of a single QTL

(Balakrishnan et al., 2020). The sequences of the SSR and RFLP

flanking markers (left-and right-hand sides closest to the QTL

regions) were identified from GrainGenes database (https://

wheat.pw.usda.gov/cgi-bin/GG3/browse.cgi?class=marker;

accessed on 05 October 2022) and/or NCBI database (https://

www.ncbi.nlm.nih.gov/; 05 October 2022), respectively. Further

t h e s e q u en c e s we r e b l a s t e d i n JB r ow s e (h t t p s : / /

u r g i . v e r s a i l l e s . i n r a . f r / b l a s t / ? d b g r o u p=wh e a t _ i w g

sc_refseq_v1_chromosomes&program=blastn) with the wheat

reference genome RefSeq v1.0 to identify the physical position of

the markers. The graphical representation of the QTL was drawn

using MapChart 2.32 software.
Marker validation using validation
populations

One-third of an individual seed (excluding the embryo) was

used to extract the genomic DNA of Synthetic W7984, Opata M85,

Chara, Cascade, and the F2 of Synthetic W7984 × Chara and Opata

M85 × Cascade. The remaining seed with embryo was preserved in

the cold room for seed germination to validate the phenotypic effect

of the targeted QTL. The one-third seed part was crushed manually

using a small hammer, and then crushed further with a SPEX®

SamplePrep 2010 GenoGrinder at 1,400 rpm for 2 minutes for DNA

extractions following the cetyl trimethyl ammonium bromide

(CTAB) method. The extracted DNA was suspended in 0.1× TE

buffer (pH 8.0) for storage. DNA concentrations were measured by

NanoDrop (NanoDrop-1000 spectrophotometer) and Qubit 2.0

fluorometer using the Qubit dsDNA BR (Broad-Range) Assay Kit.

The primers (forward and reverse) for SSR marker Xbarc50 were

obtained from Sigma-Aldrich (Sigma-Aldrich Pty Ltd., NSW,

Australia). DNA primers of Xgwm334 (forward (5´) dyed with

fluorescent PET) were obtained from Alpha ADN (225 Bridge CP

4023 , Mont rea l , Quebec H3C 0J7 , Canada : h t tp : / /

www.alphaadn.com/contact.html).

An EmeraldAmp®MAX HS PCR Master Mix reaction mixture

(15 μL) containing 20 ng template DNA of Synthetic W7984 and

Synthetic W7984 × Chara populations, 0.2 μM of each forward and

reverse primers was amplified in a thermocycler (Eppendorf

Mastercycler EP Gradient S) to validate the Q.rd.uwa.7BL with a

flanking marker Xbarc50. The annealing temperature of the marker
frontiersin.org
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(53°C) was found in GrainGenes (https://wheat.pw.usda.gov/cgi-

bin/GG3/report.cgi?class=marker&name=&id=86860). The PCR

conditions were 98°C for 1 min, 35 cycles of denaturation at 98°C

for 10 sec, annealing at 53°C for 30 sec, elongation at 72°C for 1 min

kb–1 and final extension (Taq polymerase) at 72°C for 5 min. The

PCR products were run on a 2.5% agarose gel electrophoresis using

GelRed™ (1:10 ratio) at 120 V for 1 h 20 min. The experiment was

conducted at the genetics and molecular genetics laboratories at the

UWA School of Agriculture and Environment.

A DNA fragment analysis was undertaken using the Applied

Biosystems Genetic Analyzer at Biodiversity Conservation Centre,

Kings Park, WA, to validate Q.rm.uwa.6AS with a flanking marker

Xgwm334. The annealing temperature of the marker was

determined by a gradient PCR using RT-PCR. The master mix

(1rxn) for gradient PCR was 5 μL SYBR Green, 1.5 μL of each

forward and reverse primer and 2 μL template DNA of Opata M85

and Cascade. Using PCR conditions at 98°C for 2 min, 40 cycles

denaturation at 98°C for 10 sec, a range of annealing at 52–67°C for

45 sec, elongation at 72°C for 30 sec kb–1 and final extension at 72°C

for 5 min, the best annealing temperature for the marker was set at

58°C. Singleplex PCR of template DNAs (20 ng) from the Opata

M85 × Cascade populations and both parents was done in the wheat

genetics laboratory at UWA. The master mix (1×) for a singleplex

PCR was 3.52 μL PCR grade water, 2 μL 5× buffer, 0.8 μL MgCl2
(25mM), 0.08 μL Taq polymerase (0.04 u μL-1), 0.8 μL of each

fluorescent forward primer, and reverse primer, and 2 μL of

template DNA (≥ 2 ng μL-1). Singleplex PCR conditions were 94°

C for 5 min, 40 cycles denaturation at 94°C for 30 sec, annealing at

58°C for 1min, elongation at 72°C for 45 sec kb–1, final extension at

72°C for 7 min and hold at 10°C. A multiplex PCR was done using 1

μL PCR product mixed with 9 μL highly deionized (Hi-Di)

formamide with LIZ Size Standard for fragment analysis in an

ABI sequencer.

Further, 1 μL PCR product was mixed with 9 μL Hi-Di with LIZ

Size Standard for fragment analysis using capillary electrophoresis

in an Applied Biosystems 3500 series Genetic Analyzer at

Biodiversity Conservation Centre, Kings Park, WA. The DNA

fragment size were identified by analyzing the electrogram from

SeqPartitioner, Geneious plugin.

Homozygous (AA from Synthetic W7984 or Opata M85, and

BB from Cascade or Chara alleles) individuals were identified by

comparing differences in band size in the agarose gel and the DNA

fragment size of their respective parents. Selected individuals were

grown in a semi-hydroponic system in a controlled environment

(day/night 24°C, 14°C) as described above. The average RD and RM

of the genotypes of two allelic combinations (AA and BB) were

compared using a student’s t-test at 0.05% significance level.
Statistical analysis

Phenotypic data were analyzed using GenStat statistical

software 19th edition, with the frequency analysis done in SPSS

Version 28.0.0 (142) (https://www.ibm.com/support/pages/

node/6525830).
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Potential candidate gene identification

Potential high confidence candidate genes for root traits were

identified in the two QTL considered for validation. The physical

position of the flanking markers of the QTL was found in the

GrainGenes wheat database (https://wheat.pw.usda.gov/cgi-bin/

GG3/browse.cgi?class=marker), and blasted in the JBrowse

(http://www.wheatgenome.org/Tools-and-Resources/Sequences,

accessed on 01 June 2022) wheat genome browser with RefSeq v1.0

to identify the candidate genes on the QTL region.

Further, the gene functions were identified in the International

Wheat Genome Sequencing Consortium (IWGSC) RefSeq v1.0

website (https://wheaturgi.versailles.inra.fr/Seq-Repository/

Annotation, accessed on 20 June 2022) (Appels et al., 2018).

Genes involved in root growth and development from other

studies were considered putative candidate genes. The biological

functions of the individual genes were obtained from Uniprot

(https://www.uniprot.org/?-id+2fYRW1ChXSa+-fun+Pagelibinfo

+-info+TREMBL). WheatExp revealed expression of the candidate

genes on root tissues in other wheat cultivars (Pearce et al., 2015)

(http://www.wheat-expression.com/; accessed on 01 December

2022). Gene expression levels for the candidate genes in different

wheat tissues, including roots were downloaded from WheatExp.

Further, gene expression in root tissue was filtered, with the highest

expression level considered for this study.
Results

Phenotypic evaluation

Root traits of the Synthetic W7984 × Opata M85 RILs and their

parents varied considerably (Table 1). Opata M85 had higher RL,

RD, RM, root surface area of fine roots (root diameter < 0.25 mm,

cm2; RSA2), and total length of coarse roots (root diameter <

0.25 mm, cm; RDCL2) than Synthetic W7984, while Synthetic

W7984 had higher root surface area of fine roots (root diameter >

0.25 mm, cm2; RSA1), SRL, and total length of coarse roots (root

diameter > 0.25 mm, cm; RDCL1) than Opata M85 (Table 1). For

the RILs, RL, RD, RM, Rdia, RSA1, RSA2, and SRL ranged from

173.10–12,783 cm, 8.00–158 cm, 0.03–0.44 g, 0.21–0.66 mm, 10.07–

216.20 cm2, 1.16–55.17 cm2, and 2,150–74,013 cm g–1, respectively

(Table 1). Transgressive segregation with approximately normal

distribution for various root traits (RL, RD, RM, Rdia, RSA1, RSA2,

and SRL) between the RILs and the parents was detected (Figure 1).

H2 was high (84.5–92.1%) for all root traits except RLI (data

not shown).
QTL mapping

The permutation tests identified 14 and nine QTL for eight root

traits, with LOD scores ≥ 2.5 in CIM at 500 and 1,000 permutations,

respectively. However, considering that root system architecture is

complex and governed by many genes of small effect (Sharma et al.,
frontiersin.org
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2011), the study considered the QTL identified at 500 permutations.

Most of the QTL were distributed on chromosome groups 5, 6 and

7, except 5B and 7D chromosomes. The QTL for RSA1 were found

on chromosome 2A and 3B (Table 2). Opata M85 contributed

alleles to all the QTL for RL, RM, RSA1 and NNR and a QTL for RD

(Q.rd.uwa.5DL), and Synthetic W7984 contributed all other alleles.

Seven of the QTL on chromosome groups 5, 6 and 7 explained

more than 10% phenotypic variance (R2). Three QTL for RD (R2 =

11.03–16.52%; LOD 3.14–4.14) were identified and distributed on

the long arms of chromosomes 5A, 5D and 7B (Figure 2). Synthetic

W7984 contributed alleles to Q.rd.uwa.5AL and Q.rd.uwa.7BL, and

Opata M85 contributed alleles to Q.rd.uwa.5DL. Among the 11

QTL, Q.rd.uwa.5DL had the highest LOD (4.14) and R2 (16.52)

values. For the two QTL for RM (both contributed by Opata M85),

one was distributed on the long arm of chromosome 7A (R2 =

12.86%; LOD = 2.87) and the other on the short arm of

chromosome 6A (R2 = 9.49%; LOD = 2.80) (Figure 2C); the LOD

and R2 were same for both 500 and 1,000 permutations. QTL for RL

and NNR occurred on the long arm of chromosome 5A. Two QTL

for RSA2 were detected on chromosomes 5DL (Figure 2B) and 6BS,

and QTL for SRL was identified on chromosome 6DS.

Co-location of Q.rd.uwa.5DL and Q.rsa2.5DL were identified at

120.50 cM (Figure 2B). The flanking marker interval was 112.2–

126.7 cM for Q.rd.uwa.5DL and 112.2–134.1 cM for Q.rsa2.5DL.
QTL validation

Xbarc50, the closely linked marker of Q.rd.uwa.7BL, showed

polymorphism between Synthetic W7984 and Chara in agarose gel
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electrophoresis. Xgwm334, the closely linked marker of

Q.rm.uwa.6AS, showed polymorphism between Opata M85 and

Cascade in DNA fragment analysis. The fragment size of the

parents (Table 3) was used to score the randomly selected F2
populations of the two validation population lines—19 lines for

Synthetic W7984 × Chara, and 13 lines for Opata M85 × Cascade.

The Synthetic W7984 × Chara hybrids (F2) were divided into two

groups (only homozygous lines). The group containing the negative

allele from Synthetic W7984 (Q.rd.uwa.7BL) had a significantly

(P < 0.01) shorter (52%) RD than Chara (Table 4). Similarly, in the

Opata M85 × Cascade hybrids, the group containing the positive

allele from Opata M85 (Q.rm.uwa.6AS) had a significantly

(P < 0.01) higher (31.58%) RM than Cascade (Table 4).
Candidate gene identification

The 329.79–700.63 Mb mapping interval of Q.rd.uwa.7BL

contained 2,323 genes, with the functions of 215 genes associated

with the wheat root system (Halder et al., 2022) (Supplementary

Table S1). Twenty-one genes were putative candidate genes for root

traits and abiotic and biotic stress tolerance in wheat, reported

earlier in other crops and Arabidopsis (Table 5). The 8.00–22.02 Mb

mapping interval of Q.rm.uwa.6AS contained 387 genes, with the

functions of 34 genes reported in the wheat root system (Halder

et al., 2022) (Supplementary Table S1) and 13 were putative

candidate genes for root traits and abiotic and biotic stress

tolerance in wheat (Table 5). The in-silico expression study

identified, high expression levels of the candidate genes in

wheat cultivars ‘Chinese Spring,’ ‘Nulliterea Chinese Spring,’

‘Azhurnaya,’ and ‘N1DT1A’ (Supplementary Table S2). Among
TABLE 1 Variations in root traits of recombinant inbred lines (RILs) and their parents, Synthetic W7984 and Opata M85.

Traits Parents (mean ± SE) RILs Skewness Kurtosis

Synthetic W7984 Opata M85 Mean ± SE Minimum Maximum

RL (cm) 3551.00 ± 517.40 5331.00 ± 382.30 3232.00 ± 111.14 173.10 12783.00 1.22 1.67

RD (cm) 51.70 ± 0.51 83.37 ± 1.2 59.44 ± 1.39 8.00 158.00 0.85 0.81

RM (g) 0.13 ± 0.03 0.22 ± 0.05 0.18 ± 0.00 0.03 0.44 1.41 3.43

Rdia (mm) 0.35 ± 0.03 0.27 ± 0.02 0.40 ± 0.00 0.21 0.66 0.78 0.78

RSA1 (cm2) 68.93 ± 8.56 33.38 ± 10.03 60.17 ± 1.45 10.07 216.20 1.89 2.57

RSA2 (cm2) 18.72 ± 2.69 26.29 ± 1.59 18.03 ± 0.49 1.16 55.17 0.79 0.47

SRL (cm g-1) 28817.00 ± 4267.00 26219.00 ± 3898 18816.35 ± 373.70 2150.00 74013.00 2.00 11.13

RSR 0.40 ± 0.07 0.41 ± 0.02 0.381 ± 0.01 0.02 2.44 4.88 39.69

RDCL1 (cm) 520.10 ± 66.01 261.80 ± 78.93 421.30 ± 9.97 62.49 1202.00 0.77 0.27

RDCL2 (cm) 452.3 ± 80.53 632.0 ± 73.43 417.90 ± 11.27 25.92 1213.00 0.87 1.22

NNR 3.00 ± 0.58 3.00 ± 0.33 4.00 ± 0.09 0.00 11.00 0.68 0.80

RGR (cm day-1) 1.23 ± 0.01 1.99 ± 0.03 1.41 ± 0.03 0.19 3.76 0.85 0.81

RLI 68.63 ± 9.78 63.93 ± 4.35 54.02 ± 1.31 3.83 179.30 0.96 1.32
fro
RL, total root length; RD, rooting depth; RM, root dry mass; Rdia, root diameter; RSA1, root surface area of coarse roots (root diameter > 0.25 mm); RSA2, root surface area of fine roots (root
diameter < 0.25 mm); SRL, specific root length; RSR, root-shoot ratio; RDCL1, total length of coarse roots (root diameter > 0.25 mm); RDCL2, total length of fine roots (root diameter < 0.25 mm);
NNR, number of nodal roots per plant; RGR, root growth rate; RLI, root length intensity. SE, standard error for mean.
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the putative candidate genes from both QTL, TraesCS7B01G374800,

had the highest expression level (log2 of transcripts per

million: 360.65) in the roots of ‘Chinese Spring’. In the roots of

‘Azhurnaya,’ TraesCS7B01G404000, TraesCS7B01G368400, and

TraesCS6A01G026500 had high-expression levels.
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Discussion

A semi-hydroponic phenotyping system was used for

phenotyping a RIL mapping population of Synthetic W7984 ×

Opata M85 and to identify QTL for different root traits in wheat. A
D

A B

E F

G

C

FIGURE 1

Distribution of (A) total root length (cm), (B) rooting depth (cm), (C) root dry mass (g), (D) root diameter (mm), (E) root surface area of fine roots (root
diameter< 0.25 mm, cm2), (F) root surface area of coarse roots (root diameter > 0.25 mm, cm2), and (G) specific root length (cm g-1) of 103
recombinant inbred lines and their parents, Synthetic W7984 and Opata 85. The green and red arrows indicate the phenotypic performance of
Synthetic W7984 and Opata M85, respectively.
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total of 14 QTL for eight root traits were detected on nine wheat

chromosomes, with two important QTL validated in two

independent F2 populations. The QTL identified were

concentrated in wheat chromosome groups 5, 6 and 7. Several

putative genes located in the QTL region were identified for the

molecular breeding of root traits.
Phenotypic analysis of root traits

The semi-hydroponic system used in this study offered an

excellent opportunity to acquire reliable root trait data with high

accuracy and repeatability (Chen et al., 2020). In our recent study,

root trait variability of 184 bread wheat genotypes originating from 37

countries was characterized in the same semi-hydroponic

phenotyping system (Chen et al., 2020), followed by validation of

genotypes with contrasting root systems in soil-filled rhizoboxes

(Figueroa-Bustos et al., 2018). The consistent ranking of genotypes

for some important root traits in the semi-hydroponic system and soil

conditions indicates the reliability of the phenotyping study for root

studies, as confirmed in other crop species, such as narrow-leafed

lupin (Chen et al., 2011a; Chen et al., 2014), barley (Wang et al., 2021),

and soybean (Liu et al., 2021; Salim et al., 2022). The wheat lines used

in this study will be examined further under the field conditions.

Significant phenotypic variation for all measured root traits in the

biparental population indicates the successful identification of the

polygenic trait (Table 1). Further, the continuous distribution of

different root traits such as RL, RD, RM, Rdia, RSA1, RSA2 and

SRL (Figure 1) indicates that the genetic architecture of individual
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trait has many genes responsible for the variation. Similarly, high

broad-sense heritability (> 80%) for all root traits except RLI (data not

shown) indicates the potential for selecting these traits in future wheat

breeding. Earlier studies demonstrated significant phenotypic

variation in root traits under drought stress (Ayalew et al., 2017),

heat stress (Lu et al., 2022), and waterlogging stress (Yu and Chen,

2013) of the same population suggesting that the population in the

current study is suitable for genetic mapping of root traits.

Understanding root trait variation is essential for manipulating

the traits according to the soil and environmental conditions to

improve stress tolerance and yield in wheat. For example, a large

wheat root system (in terms of RL and RM) was beneficial for higher

grain yield, capturing water and nutrient from sandy soil under well-

watered conditions (Palta and Watt, 2009; Palta et al., 2011).

However, large root systems reduced yield at terminal drought due

to lower (59%) water use efficiency than shallow root systems

(Figueroa-Bustos et al., 2020). RM is another important root trait

positively correlated with grain yield under drought stress (Ehdaie

et al., 2012). SRL (ratio of RL and RM) is an indicator of utilization in

nutrient uptake. Wheat genotypes with large SRL and more fine roots

take up nutrient and water from the subsoil and contribute to high

yield (Chen et al., 2020). Similarly, Rdia significantly correlates with

wheat yield and P acquisition (Atta et al., 2013; Nahar et al., 2022).
QTL for root traits in wheat

Several studies have reported the genetics of RL (Ibrahim et al.,

2012; Atkinson et al., 2015; Danakumara et al., 2021; Yang et al.,
TABLE 2 QTL for eight root traits in recombinant inbred lines (RILs) of Synthetic W7984 × Opata M85 identified by composite interval mapping (CIM)
at the logarithm of odds (LOD) threshold ≥ 2.5.

Traits QTL name QTL position (cM) LOD R2 (%) Additive Flanking markers Physical position of markers (Mb)

RL Q.rl.uwa.5AL 34.20 2.65 8.88 –481.93 Xbarc1-5A–Xbcd157-5A 326.06–444.94

RD Q.rd.uwa.5AL 72.30 3.13 11.03 6.62 Xbarc151-5A–Xbarc230-5A 315.92–558.34

Q.rd.uwa.5DL 120.50 4.14 16.52 –8.27 Xbarc93-5D– Xbarc322-5D 473.35–497.83

Q.rd.uwa.7BL 123.40 4.00 13.14 7.16 Xgwm611-7B–Xbarc20-7B 329.79–700.63

RM Q.rm.uwa.6AS 6.80 2.80 9.49 –0.02 Xbcd21-6A–Xcmwg652-6A 8.00–22.02

Q.rm.uwa.7AL 124.60 2.87 12.86 –0.03 Xcdo347-7A–Xbarc275-7A 2.00–603.08

Rdia Q.rdia.uwa.6AL 74.40 2.65 9.02 0.01 Xbarc107-6A–Xmwg934-6A 495.11–583.27

RSA1 Q.rsa1.2AS 49.60 3.08 9.89 –2.17 Xcdo57-2A–Xbarc231-2A 15.00–367.14

Q.rsa1.3BS.1 8.00 3.43 11.84 –2.31 Xbarc75-3B–Xbarc133-3B 3.40–7.61

Q.rsa1.3BS.2 18.00 2.79 11.07 –2.23 Xbarc133-3B–Xgwm493-3B 7.61–13.94

RSA2 Q.rsa2.5DL 125.50 2.99 10.48 6.17 Xbarc93-5D–Xcdo346-5D 139.73–473.35

Q.rsa2.6BS 35.00 2.77 8.54 5.49 Xrz995-6B–Xbcd102-6B 3.52–646.04

SRL Q.srl.uwa.6DS 44.00 4.03 13.64 0.00 Xmwg549-6D–Xbarc196-6D 0.00–59.74

NNR Q.nnr.uwa.5AL 128.30 3.63 14.71 –0.52 Xgwm595-5A–Xgwm410-5A 659.13–680.07
RL, total root length (cm); RD, rooting depth (cm); RM, root dry mass (g); Rdia, root diameter (mm); RSA1, root surface area of coarse roots (root diameter > 0.25 mm, cm2); RSA2, root surface
area of fine roots (root diameter< 0.25 mm, cm2); SRL, specific root length (cm g-1); and NNR, number of nodal roots per plant. QTL position, QTL position on the linkage map based on
GrainGene (https://wheat.pw.usda.gov/GG3/node/876); LOD, logarithm of odds; R2, % of phenotypic variance explained by an individual QTL. An additive value indicates the parental
contribution of the QTL; a negative value indicates that the trait-enhancing allele is contributed by Opata M85, and a positive value indicates that the trait-enhancing allele is from Synthetic
W7984, and zero indicates that either parent could contribute to the trait; Mb, mega base pair.
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FIGURE 2

Mapping of important QTL for root traits in wheat in the Synthetic W7984 and Opata 85 RIL population (A) total root length (RL, cm), rooting depth
(RD, cm), and nodal roots per plant (NNR) (B) rooting depth and root surface area of fine roots (root diameter < 0.25 mm, RSA2, cm2), (C) root dry
mass (RM), and (D) rooting depth of recombinant inbred lines of Synthetic W7984 × Opata 85. Bars and caps indicate the QTL with LOD > 2.5. Red
markers are flanking markers of different colours in individual chromosomes that represent the tightly linked marker of the respective QTL.
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2021a; Li et al., 2022), RD (Liu et al., 2013; Xu et al., 2013; Ayalew

et al., 2017; Ren et al., 2017; Salarpour et al., 2020; Danakumara

et al., 2021) and RM (Yu and Chen, 2013; Acuna et al., 2014; Meng-

jiao et al., 2020; Danakumara et al., 2021) under different

environmental conditions. In our study, we discovered 11 QTL

on wheat chromosome groups 5, 6 and 7 responsible for root traits

contributed by the two parents, Synthetic W7984 and Opata M85.

Both parents could contribute favorable alleles for root traits

(Bhoite et al., 2018) (Table 2).

Identification of putative QTL alone is insufficient for trait

improvement using MAS. Therefore, validating QTL—testing the

allelic effect in populations other than the original population—is

essential to eliminate statistical error (Langridge et al., 2001). In this

study, we validated two flanking markers for RD and RM QTL in

populations different than the original population used for

QTL identification.

Mapping QTL can also identify the relationship between the

traits through the co-localization of QTL (Colombo et al., 2022)

which is important for plant performance improvement.

Q.rd.uwa.7BL (Xgwm611–Xbarc20) for RD had a LOD of 4.00 and

phenotypic variation of 13.14% (Table 2; Figure 2D) for both 500 and

1,000 permutations. Q.rd.uwa.7BL were co-located with previously

identified QTL including qMRL.CK-7B (Xbarc257.2–Xgwm46) under

controlled conditions. Q.rd.uwa.7BL also co-located with qMRL.LP-

7B and qMRL-7B1 (Xbarc1181–Xbarc1116) under low P (Ren et al.,

2017) and well-watered conditions (Ren et al., 2012), respectively.

Two other QTL under well-watered conditions—qLR-7B (Wms400–

Wms573) (Ehdaie et al., 2016) and Q.RL-7BL (AX-94528392)

(Danakumara et al., 2021) were co-located with Q.rd.uwa.7BL. Two

drought-stress specific QTL for RD found from the RILs derived in

Synthetic W7984 and Opata M85 (Ayalew et al., 2017) were co-

located with Q.rd.uwa.7BL, suggesting that Q.rd.uwa.7BL may

contribute to drought stress tolerance. Importantly, Q.rd.uwa.7BL

was co-located with grain yield QTL (Xm43p78.14–Xm86p65.0)

(Quarrie et al., 2005), kernel number per spike QTL, QKNPS-DH-

7B-2.1 (Xbarc276.1–Xwmc396), and thousand-grain weight QTL,

QTKW-DH-7B (Xgwm333–Xwmc10) (Zhang et al., 2016) on

chromosome 7B. These co-location evidence strongly suggest that
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Q.rd.uwa.7BL contributes to improving RD and wheat yield.

However, for the first time Q.rd.uwa.7BL was successfully validated

for RD in other populations with different genetic backgrounds. The

QTL may also contribute to biotic stress tolerance: Xgwm344, a

closely linked marker of Q.rd.uwa.7BL previously validated for leaf

rust resistance in wheat (Zhang et al., 2020). Comparing of

Q.rd.uwa.7BL with other previously reported co-located QTL

revealed that Q.rd.uwa.7BL is physically located in a larger interval

(329.79–700.63 Mb) than the above-mentioned QTL, except qLR-

7B (Figure 3).

A number of QTL for RD have been reported on chromosome

7B (Figure 3) (Ren et al., 2012; Liu et al., 2013; Xu et al., 2013;

Ehdaie et al., 2016; Ren et al., 2017; Ayalew et al., 2018; Li et al.,

2020; Danakumara et al., 2021) under different stress conditions,

suggesting that chromosome 7B harbors important genes for RD to

improve stress tolerance in wheat. However, none of the QTL has

been validated in other populations. In this study, Q.rd.uwa.7BL

with a peak marker of Xbarc50 was used to screen the validation

population. Synthetic W7984 contributed to Q.rd.uwa.7BL for

shallow RD; therefore, Xbarc50 was validated in Synthetic W7984

× Chara hybrids (F2). A significant reduction in RD in the

validation population confirmed the reliability of the marker

performance. However, the marker could be further tested in

other genotypes for application in wheat breeding. Previous

studies have reported the significance of shallow RD in high yield

of wheat. Under well-watered conditions, genotypes with shallow

RD in durum wheat (Bellario and Jabal2), contributed to high yield.

Under irrigated conditions, the shallow-rooted genotypes

contributed to 20–40% higher yield than deep-rooted genotypes

(El Hassouni et al., 2018). The short root length gene, TaSRL1 (on

chromosome 4A: 3.37 Mb) improved thousand grain weight as a

pleiotropic effect (Zhuang et al., 2021). Importantly, it was revealed

in an earlier study that despite taking up 20% less water under

drought conditions, Synthetic W7984 (donor parent of

Q.rd.uwa.7BL in our study) had higher grain numbers per spike

than Opata M85 (Onyemaobi et al., 2018). Therefore, the validated

marker for shallow RD from this study could be used to improve the

grain yield and stress tolerance in wheat.
TABLE 3 Fragment size of two SSR markers, with polymorphism among parental lines (Synthetic W7984, Opata M85, Chara, and Cascade) of the
validation population, related to QTL for rooting depth (RD) and root dry mass (RM).

Markers Fragment size
(bp)

Synthetic Chara Opata Cascade Traits considered Related QTL

Xbarc50-7B 120 140 Null Null RD Q.rd.uwa.7BL

Xgwm334-6A 130 140 145 150 RM Q.rm.uwa.6AS
bp, base pair.
TABLE 4 Validation of quantitative trait loci (QTL) for rooting depth (RD) and root dry mass (RM) identified from Synthetic W7984 × Opata M85
recombinant inbred line (RIL) population in F2 populations of Synthetic W7984 × Chara and Opata M85 × Cascade.

Traits F2 populations Markers AA BB P-value

RD (cm) Synthetic W7984 × Chara Xbarc50-7B 13.31 ± 7.47 27.83 ± 12.52 0.00**

RM (g) Opata M85 × Cascade Xgwm334-6A 0.19 ± 0.04 0.13 ± 0.05 0.00**
fron
AA homozygous alleles from Synthetic W7984 or Opata M85, BB homozygous alleles from Chara or Cascade; Student’s t-test (P < 0.05) was used to identify differences between lines in the
population with distinct allele peaks; **, significant at P < 0.01.
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TABLE 5 Genes located within the two quantitative trait loci (QTL) and the encoded proteins related to root traits and abiotic stress tolerance in
crops and Arabidopsis.

QTL Peak marker
and associated
gene names

Position RefSeq V1.0 (bp)
Start End

Gene
length
(bp)

Positional
distance
of the

gene from
the peak
marker
(Mb)

Encoded protein The biological
process

from UniProtKB Gene
ID in wheat

Root traits of crops and/
or plant

References

Q.rm.uwa.6AS Xgwm334-6A 9249275 9249294

TraesCS6A01G020400 9482380 9486337 3958 0.23 Histidine-
containing

phosphotransfer
protein

A0A3B6NJQ7:
Cytokinin-activated
signaling pathway;
phosphorylation

Primary root growth of
Arabidopsis; root growth

of barley under
phosphorus limited/
resupply conditions.

(Nishimura
et al., 2004;

Hutchison and
Kieber, 2007;
Ma et al.,
2021)

TraesCS6A01G021000 10065877 10066564 734 0.82 Thaumatin-like
protein

A0A3B6NHJ4: Not
specified

Root development in
barley; salt stress

tolerance in Arabidopsis.

(Misra et al.,
2016; Iqbal
et al., 2020)

TraesCS6A01G022800 11413976 11414807 832 2.16 Hydroxycinnamoyl-
CoA quinate/
shikimate
transferase

A0A3B6NIZ3: Not
specified

Root development in
rice; mercury stress
tolerance in rice.

(Chen et al.,
2012; Song
et al., 2020)

TraesCS6A01G024400 12131874 12133343 1470 2.88 3-ketoacyl-CoA
synthase

A0A3B6NJU8: Fatty
acid biosynthetic

process

Root growth and
development, and

drought and salinity
stress tolerance of

Arabidopsis; root growth
and length in barley.

(Lee et al.,
2009;

Weidenbach
et al., 2015; de
Silva et al.,
2021; Kim
et al., 2021)

TraesCS6A01G026500 13071476 13080970 9495 3.82 Lysine-specific
demethylase 3B

A0A3B6NK41:
Cellular

macromolecule
metabolic process;

metabolic,
biosynthesis and
cellular process;

protein modification
process

Seminal root length and
drought tolerance in
maize; root elongation
and salt tolerance in

soybean.

(Sun et al.,
2019; Guo
et al., 2020)

TraesCS6A01G036800 17956048 17958722 2675 8.71 Subtilisin-like
protease

A0A3B6NHY8:
Proteolysis

Root development and
elongation in
Arabidopsis.

(Neuteboom
et al., 1999;

Sénéchal et al.,
2014)

TraesCS6A01G033500 16448568 16449328 761 7.20 Germin-like protein A0A3B6NK48: Not
specified

Root development and
biotic/abiotic stress
tolerance in rice and
Arabidopsis; salt stress
tolerance in barley.

(Hurkman
et al., 1991; Li
et al., 2016)

TraesCS6A01G016000 7986686 7989822 3137 1.26 Mitochondrial
transcription

termination factor-
like

A0A3B6NIS6:
Developmental

process; transcription
regulation

Root growth and rooting
depth of Arabidopsis; salt

and drought stress
tolerance in Arabidopsis;
abundant expression of
ZmTERF11, Zmsmk3 in

maize.

(Kim et al.,
2012; Zhao
et al., 2014;
Robles et al.,
2015; Robles
et al., 2018;
Pan et al.,
2019)

TraesCS6A01G016400 8170486 8171640 1155 1.08

TraesCS6A01G016500 8174985 8176124 1140 1.07

TraesCS6A01G016600 8197311 8197880 570 1.05

TraesCS6A01G016700 8200649 8202396 1748 1.05

TraesCS6A01G016800 8208530 8212635 4106 1.04

Q.rd.uwa.7BL Xbarc50-7B 172356933 172356909

TraesCS7B01G404000 672385976 672389869 3894 500.03 Glutaredoxin A0A3B6STD0:
Cellular response to
oxidative stress

Root growth and arsenic
and salt stress tolerance
in rice; primary root
growth in Arabidopsis.

(Patterson
et al., 2016;
Verma et al.,
2020; Verma
et al., 2021)

TraesCS7B01G254900 470835221 470837623 2403 298.48 3-ketoacyl-CoA
synthase

A0A3B6SM99: Fatty
acid biosynthetic

process

Root growth and
development and

drought tolerance of
Arabidopsis; root growth
and length in barley.

(Lee et al.,
2009;

Weidenbach
et al., 2015;
Kim et al.,
2021)

(Continued)
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Q.rm.uwa.6AS (Xbcd21–Xcmwg652) identified in this study,

was co-located with a previously identified grain yield QTL,

QGY.cgb-6A (Xgwm334–WMC297) under both well-watered and

water-stressed conditions (Liu et al., 2013) indicating its potential

for drought tolerance and grain yield improvement. A meta-QTL

for RM, Root_MQTL_67 (Soriano and Alvaro, 2019), overlapped

with Q.rm.uwa.6AS (Xgwm334), but was not validated. In this

study, Opata M85 contributed positive alleles to Q.rm.uwa.6AS

for increased RM. Testing the allelic performance of Xgwm334, in

Opata M85 × Cascade hybrids (F2), Opata M85 had significantly

higher RM than Cascade confirming the functionality of the

identified QTL. Therefore, using of Q.rm.uwa.6AS in future MAS

or other advanced genetic approaches may help improve RM, yield,

and stress tolerance in wheat. The QTL could be tested in wider

populations for wheat breeding. On the other hand, Q.rm.uwa.7AL

for RM identified in this study was co-located with previously

identified QTrl.D84-7A (Xbarc275) for RL under both well-watered
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and drought-stress conditions in a back cross population of Devon

× Syn084 (Ibrahim et al., 2012). Another grain yield QTL

(Xpsp3094.1–Xm68p78.6) on chromosome 7A was co-located with

Q.rm.uwa.7AL (Quarrie et al., 2005). As no similar QTL for root

traits on chromosome 6AS and 7AL were reported, Q.rm.uwa.6AS

and Q.rm.uwa.7AL were novel discoveries in this study. Validation

of Q.rm.uwa.7AL is recommended in the future.

In this study, QTL for RD (Q.rd.uwa.5DL) and QTL for RSA2

(Q.rsa2.5DL) overlapped and shared the same marker, Xmwg900

(Figure 2B). These QTL also overlapped with a previously reported

QTL for root volume (Ibrahim et al., 2012). Furthermore, the

marker interval was found within a recently identified QTL

(IWB61072–IWB49479) for grain yield (Li et al., 2018) suggesting

the importance of Q.rd.uwa.5DL and Q.rsa2.5DL over other root

traits and grain yield. However, there was no overlapping evidence

for Q.rl.uwa.5AL, Q.rd.uwa.5AL, Q.rdia.uwa.6AL, Q.rm.uwa.7AL,

or Q.srl.uwa.6DS discovered in this study with any previous root
TABLE 5 Continued

QTL Peak marker
and associated
gene names

Position RefSeq V1.0 (bp)
Start End

Gene
length
(bp)

Positional
distance
of the

gene from
the peak
marker
(Mb)

Encoded protein The biological
process

from UniProtKB Gene
ID in wheat

Root traits of crops and/
or plant

References

TraesCS7B01G317300 567591057 567595950 4894 395.23 Shikimate kinase 1 A0A3B6SKV8: Not
specified

Root growth,
development, and root

density in maize.

(Zanin et al.,
2015)

TraesCS7B01G368400 632729301 632730767 1467 460.37 [F-actin]-
methionine

sulfoxide oxidase
MICAL2

A0A1D6SDJ6: Not
specified

Rooting depth and
drought tolerance in

Arabidopsis.

(Li et al., 2012)

TraesCS7B01G372600 638485451 638489190 3740 466.13 OTU domain-
containing protein

A0A3B6SIU1: Protein
deubiquitination

Drought tolerance in
rice.

(Wang et al.,
2011; Kohli
et al., 2012)

TraesCS7B01G446200 709510490 709514663 4174 537.15 Pathogenesis-
related thaumatin
family protein

A0A3B6ST54:
Defense response

Root development in
barley; salt stress

tolerance in Arabidopsis.

(Misra et al.,
2016; Iqbal
et al., 2020)

TraesCS7B01G255900 474408771 474413621 4851 302.05 A0A3B6SJ44: CAAX-
box protein
processing

TraesCS7B01G283300 517391900 517395207 3308 345.03 Subtilisin-like
protease

A0A3B6SNC4:
Proteolysis

Root development and
elongation in
Arabidopsis.

(Neuteboom
et al., 1999;

Sénéchal et al.,
2014)TraesCS7B01G391700 658173522 658175923 2402 485.82

TraesCS7B01G289600 525025227 525027470 2244 352.67 Germin-like protein A0A3B6SNK3: Not
specified

Root development and
biotic/abiotic stress
tolerance in rice and
Arabidopsis; salt stress
tolerance in barley.

(Hurkman
et al., 1991; Li
et al., 2016)TraesCS7B01G337900 592534007 592534932 926 420.18

TraesCS7B01G338300 592718485 592719389 905 420.36

TraesCS7B01G338400 592807798 592808848 1051 420.45

TraesCS7B01G338500 592867670 592868665 996 420.51

TraesCS7B01G351500 608380045 608380790 746 436.02

TraesCS7B01G351600 608392307 608393057 751 436.04

TraesCS7B01G351700 608405328 608406075 748 436.05

TraesCS7B01G351800 608415055 608416000 946 436.06

TraesCS7B01G374800 639926003 639927050 1048 467.57

TraesCS7B01G374900 639945719 639946519 801 467.59

TraesCS7B01G442000 706850893 706853891 2999 534.49
f

bp, base pair; Mb, mega base pair.
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trait QTL (Figure 3) which suggesting that they are novel QTL for

controlling root traits.
Putative candidate genes on chromosomes
6A and 7B

We identified 2,323 genes in the Q.rd.uwa.7BL regions and 387

genes in the Q.rm.uwa.6AS regions. Proteins encoded by 215 genes

of Q.rd.uwa.7BL and 34 genes of Q.rm.uwa.6AS were associated

with the wheat root traits (Supplementary Table S1). In a recent

review article, Halder et al. (2022) listed the number of proteins

associated with the wheat root system. However, among the

identified genes, proteins encoded by 21 and 13 genes in

Q.rd.uwa.7BL (329.79–700.63 Mb) and in Q.rm.uwa.6AS (8.00–

22.02 Mb), respectively, had roles in controlling root traits in

different crops such as rice, barley, maize and soybean, and

Arabidopsis (Table 5).

Phytohormones such as cytokinin play important role in root

development (Aloni et al., 2006), with histidine-containing

phosphotransfer (HK) and glutaredoxin proteins regulating

cytokinin signaling. Transgenic plants with reduced cytokinin had

greater root growth and more lateral roots than those plants with

high cytokinin (Nishimura et al., 2004). HK proteins regulate

phosphorylation to control the root growth of Arabidopsis
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(Hutchison and Kieber, 2007) and barley (under limited/resupply

of P) (Ma et al., 2021). We found TraesCS6A01G020400 encoded

HK proteins which located very close (0.23 Mb) to the validated

marker, Xgwm334 , and TraesCS7B01G404000 encoded

glutaredoxin protein which located on the QTL for shallow RD.

In Arabidopsis, a genotypes AtGRXS3/4/5/8 with silenced

glutaredoxin proteins had large primary roots (Patterson et al.,

2016) indicating the negative role of glutaredoxin protein in RD.

Glutaredoxin also play important role in stress tolerance through

redox state of cell, redox dependent pathway regulation, and also

improve nutrient uptake. In rice root, glutaredoxin improved

arsenic (Verma et al., 2020) and salinity (Verma et al., 2021)

stress tolerance. In Arabidopsis root, glutaredoxin improved

nitrogen uptake and ammonium stress tolerance (Patterson

et al., 2016).

Another protein, 3-ketoacyl-CoA synthase (KCS) condenses

very-long-chain fatty acids essential for cuticular waxes and suberin

production in roots (Lee et al., 2009; Kim et al., 2021). Suberin is

critical role in drought and salinity stress tolerance in root (de Silva

et al., 2021). For example, reduced suberin restricted root growth in

Arabidopsis (Lee et al., 2009). A KCS6 barley mutant with reduced

cuticular waxes had reduced seminal root length but increased

lateral root length (Weidenbach et al., 2015). Therefore, future

exploration of the KCS encoding genes (TraesCS6A01G024400 and

TraesCS7B01G254900) identified in this study could be useful for
FIGURE 3

Quantitative trait loci (QTL) identified in this study and previous studies (Ibrahim et al., 2012; Ren et al., 2012; Liu et al., 2013; Xu et al., 2013; Atkinson
et al., 2015; Ehdaie et al., 2016; Ayalew et al., 2017; Ren et al., 2017; Soriano and Alvaro, 2019; Li et al., 2020; Meng-jiao et al., 2020; Danakumara
et al., 2021; Yang et al., 2021a) on chromosomes 5A, 5D, 6A, 6B, 6D, 7A and 7B. Previously discovered QTL for root traits and grain yield were
depicted. The QTL identified in this study were labelled in red colour, and the previously studied QTL were represented by other colours (blue,
yellow, green, green-cyan, magenta and blue-magenta). Blue circles represent the genomic regions of the validated QTL (Q.rm.uwa.6AS and
Q.rd.uwa.7BL) positions from this study and their overlapping with other QTL from previous studies. Table 2 is referred to the detailed QTL identified
in this study on different chromosomes; GY, grain yield; SA, surface area; RL, total root length; Rdia, root diameter; RV, root volume; NNR, number
of nodal roots per plant; RSA2 root surface area of fine roots (root diameter < 0.25 mm); SRL, specific root length; RM, root dry mass; and RD,
rooting depth.
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improving stress tolerance in wheat through improved RM, and RD

improvement. TraesCS6A01G026500, identified in our study,

encoded lysine-specific demethylase (LSD). LSD belongs to

histone demethylase (amine oxidase superfamily) which

contributes to root elongation and abiotic stress tolerance through

histone modification (Sun et al., 2019; Liu et al., 2022). In maize, the

LSD encoding hub gene [Zm00001d002266: genes with top 10%

correlation within a module (Liu et al., 2019)], controlled seminal

root length under drought and controlled conditions (Guo et al.,

2020). Transgenic Arabidopsis with overexpressed LSD encoding

Glyma.17G022500 improved salinity stress tolerance (Sun

et al., 2019).

Few candidate genes for RD and RM encode proteins with similar

functions indicating their importance for future wheat breeding.

Germin-like protein (GLP) was first identified in germinating

wheat grains (Bernier and Berna, 2001). However, the role of GLP

genes in wheat root trait control is unclear, except for an association

between GLP and cell wall modification for improved aluminum

stress tolerance in wheat (Delisle et al., 2001; Houde and Diallo,

2008). GLP genes Gs1 and Gs2 are highly expressed in barley roots

and expressed salinity stress tolerance (Hurkman et al., 1991). GLP

contributed to multiple stress (e.g. as drought, heat, cold, and

oxidative stress) tolerance in Arabidopsis and rice (Li et al., 2016).

Therefore, it would be interesting to explore the genes encoding GLP

for RD and RM (Table 5). We also found six candidate genes

encoding mitochondrial transcription termination factor (mTERF)

in Q.rm.uwa.6AS, and thaumatin-like protein encoding genes—

TraesCS6A01G021000 in Q.rm.uwa.6AS and TraesCS7B01 G446200

and TraesCS7B01G25590 in Q.rd.uwa.7BL. mTERF and thaumatin-

like protein expressed in roots of different crops and Arabidopsis and

play important role in abiotic and biotic stress tolerance. For example,

mTERF encoding genes shot1 andmterf6-5 in an Arabidopsismutant

expressed heat tolerance (Kim et al., 2012) and salt tolerance (Robles

et al., 2018), respectively. Thaumatin-like protein highly expressed in

roots in barley (Iqbal et al., 2020) and Arabidopsis, and contributed to

abiotic (e.g. drought and salt) and biotic (e.g. fungus) stress tolerance

in Arabidopsis (Misra et al., 2016; de Jesús-Pires et al., 2020). In-silico

studies of the putative candidate genes suggested that the genes

expressed at different levels (0.02–360.65) in root tissues of different

wheat cultivars. Important genes, TraesCS7B01G404000 ,

TraesCS7B01G254900 and TraesCS7B01G446200 , f rom

Q.rd.uwa.7BL showed high (124.32) to low (0.89) gene expression

while important genes from Q.rm.uwa.6AS, TraesCS6A01G024400,

TraesCS6A01G021000 and TraesCS6A01G020400 showed low (0.20–

0.11) gene expression in roots of previously studied wheat cultivars

(Supplementary Table S2). However, the study conditions and the

studied root traits of the previous studies may cause variation in gene

expression, which could be confirmed by future gene expression

approaches. Moreover, after further functional validation, the

identified putative candidate genes may be useful for wheat

breeding programs for root improvement.
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Conclusion

Eleven QTL were identified on chromosomes 5A, 5D, 6A, 6B,

6D, 7A and 7B for seven root traits in bread wheat suggesting that

wheat chromosome groups 5, 6 and 7 harbor major QTL/genes for

root traits. Q.rd.uwa.7BL co-located with previously identified grain

yield and biotic and abiotic stress tolerance markers. Q.rm.uwa.6AS,

is a novel QTL for RM. Validation studies confirmed the

functionality of Q.rd.uwa.7BL and Q.rm.uwa.6AS in two

independent F2 populations. The putative candidate genes located

in the validated QTL encode important proteins for root traits in

other crops. Further gene validation is required to confirm their role

in wheat breeding. The identified and validated QTL/markers and

putative candidate genes in this study provide a genetic foundation

for marker-assisted breeding of root traits in bread wheat.
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Quesada, V. (2018). The characterization of Arabidopsis mterf6 mutants reveals a new
role for mTERF6 in tolerance to abiotic stress. Int. J. Mol. Sci. 19 (8), 2388. doi: 10.3390/
ijms19082388

Rogers, E. D., and Benfey, P. N. (2015). Regulation of plant root system architecture:
Implications for crop advancement. Curr. Opin. Biotechnol. 32, 93–98. doi: 10.1016/
j.copbio.2014.11.015

Salarpour, M., Pakniyat, H., Abdolshahi, R., Heidari, B., Razi, H., and Afzali, R.
(2020). Mapping QTL for agronomic and root traits in the Kukri/RAC875 wheat
(Triticum aestivum L.) population under drought stress conditions. Euphytica 216, 105.
doi: 10.1007/s10681-020-02627-5

Salem, K. F. M., Roder, M. S., and Borner, A. (2007). Identification and mapping
quantitative trait loci for stem reserve mobilisation in wheat (Triticum aestivum L.).
Cereal Res. Commun. 35 (3), 1367–1374. doi: 10.1556/CRC.35.2007.3.1

Salim, M., Chen, Y., Ye, H., Nguyen, H. T., Solaiman, Z. M., and Siddique, K. H. M.
(2022). Screening of soybean genotypes based on root morphology and shoot traits
using the semi-hydroponic phenotyping platform and rhizobox technique. Agronomy
12 (1), 56. doi: 10.3390/agronomy12010056

Scheiner, S. M. (1993). Genetics and evolution of phenotypic plasticity. Annu. Rev.
Ecol. Systematics, 35–68. doi: 10.1146/annurev.es.24.110193.000343

Sénéchal, F., Graff, L., Surcouf, O., Marcelo, P., Rayon, C., Bouton, S., et al. (2014).
Arabidopsis PECTIN METHYLESTERASE17 is co-expressed with and processed by
SBT3. 5, a subtilisin-like serine protease. Ann. Bot. 114 (6), 1161–1175. doi: 10.1093/
aob/mcu035

Sharma, S., Xu, S., Ehdaie, B., Hoops, A., Close, T. J., Lukaszewski, A. J., et al. (2011).
Dissection of QTL effects for root traits using a chromosome arm-specific mapping
population in bread wheat. Theor. Appl. Genet. 122 (4), 759–769. doi: 10.1007/s00122-
010-1484-5

Shukla, S., Singh, K., Patil, R. V., Kadam, S., Bharti, S., Prasad, P., et al. (2014).
Genomic regions associated with grain yield under drought stress in wheat (Triticum
aestivum L.). Euphytica 203 (2), 449–467. doi: 10.1007/s10681-014-1314-y

Singh, R. (2019). “Wheat strategy delivers stronger grains,” in Annual performance
report 2019: Synthetic-wheat-breeding-strategy (Consultative Group for International
Agricultural Research (CGIAR)).

Song, T., Das, D., Yang, F., Chen, M., Tian, Y., Cheng, C., et al. (2020). Genome-wide
transcriptome analysis of roots in two rice varieties in response to alternate wetting and
drying irrigation. Crop J. 8 (4), 586–601. doi: 10.1016/j.cj.2020.01.007

Soriano, J. M., and Alvaro, F. (2019). Discovering consensus genomic regions in
wheat for root-related traits by QTL meta-analysis. Sci. Rep. 9 (1), 10537. doi: 10.1038/
s41598-019-47038-2

Sorrells, M. E., Gustafson, J. P., Somers, D., Chao, S., Benscher, D., Guedira-Brown,
G., et al. (2011). Reconstruction of the synthetic W7984 x opata M85 wheat reference
population. Genome 54 (11), 875–882. doi: 10.1139/g11-054

Sun, L., Song, G., Guo,W.,Wang,W., Zhao, H., Gao, T., et al. (2019). Dynamic changes in
genome-wide histone3 lysine27 trimethylation and gene expression of soybean roots in
response to salt stress. Front. Plant Sci. 10, 1031. doi: 10.3389/fpls.2019.01031
Frontiers in Plant Science 16
Verma, P. K., Verma, S., Tripathi, R. D., and Chakrabarty, D. (2020). A rice
glutaredoxin regulate the expression of aquaporin genes and modulate root
responses to provide arsenic tolerance. Ecotoxicology Environ. Saf. 195, 110471. doi:
10.1016/j.ecoenv.2020.110471

Verma, P. K., Verma, S., Tripathi, R. D., Pandey, N., and Chakrabarty, D. (2021).
CC-type glutaredoxin, OsGrx_C7 plays a crucial role in enhancing protection against
salt stress in rice. J. Biotechnol. 329, 192–203. doi: 10.1016/j.jbiotec.2021.02.008

Vishwakarma, S., Zhang, X., and Lyubchich, V. (2022). Wheat trade tends to happen
between countries with contrasting extreme weather stress and synchronous yield
variation. Commun. Earth Environ. 3 (1), 261. doi: 10.1038/s43247-022-00591-7

Wang, J., Chen, Y., Zhang, Y., Zhang, Y., Ai, Y., Feng, Y., et al. (2021). Phenotyping
and validation of root morphological traits in barley (Hordeum vulgare L.). Agronomy
11 (8), 1583. doi: 10.3390/agronomy11081583

Wang, D., Pan, Y., Zhao, X., Zhu, L., Fu, B., and Li, Z. (2011). Genome-wide
temporal-spatial gene expression profiling of drought responsiveness in rice. BMC
Genomics 12 (1), 1–15. doi: 10.1186/1471-2164-12-149

Weidenbach, D., Jansen, M., Bodewein, T., Nagel, K. A., and Schaffrath, U. (2015).
Shoot and root phenotyping of the barley mutant kcs6 (3-ketoacyl-CoA synthase6)
depleted in epicuticular waxes under water limitation. Plant Signal. Behav. 10 (4),
e1003752. doi: 10.1080/15592324.2014.1003752

Woo, D., Riley, W., Paez-Garcia, A., Marklein, A., Mekonnen, Z., Liu, X., et al.
(2021). Impoverishing roots will improve wheat yield and profitability through
increased water and nitrogen use efficiencies. J. Geophys. Res. Biogeosciences. 126 (9),
e2020JG005829. doi: 10.1029/2020JG005829

Wu, J., Cai, G., Tu, J., Li, L., Liu, S., Luo, X., et al. (2013). Identification of QTLs for
resistance to sclerotinia stem rot and BnaC. IGMT5.a as a candidate gene of the major
resistant QTL SRC6 in Brassica napus. PLoS One 8 (7), e67740.

Wu, F., Yang, X., Wang, Z., Deng, M., Ma, J., Chen, G., et al. (2017). Identification of
major quantitative trait loci for root diameter in synthetic hexaploid wheat under
phosphorus-deficient conditions. J. Appl. Genet. 58 (4), 437–447. doi: 10.1007/s13353-017-
0406-5

Xu, Y., Li, S., Li, L., Zhang, X., Xu, H., An, D., et al. (2013). Mapping QTLs for salt
tolerance with additive, epistatic and QTL × treatment interaction effects at seedling
stage in wheat. Plant Breed. 132 (3), 276–283. doi: 10.1111/pbr.12048

Yang, M.-j., Wang, C.-R., Hassan, M. A., Wu, Y.-Y., Xia, X.-C., Shi, S.-B., et al.
(2021a). QTL mapping of seedling biomass and root traits under different nitrogen
conditions in bread wheat (Triticum aestivum L.). J. Integr. Agric. 20 (5), 1180–1192.
doi: 10.1016/S2095-3119(20)63192-6

Yang, M., Wang, C., Hassan, M. A., Li, F., Xia, X., Shi, S., et al. (2021b). QTL
mapping of root traits in wheat under different phosphorus levels using hydroponic
culture. BMC Genomics 22 (1), 1–12. doi: 10.1186/s12864-021-07425-4

Yu, M., and Chen, G.-Y. (2013). Conditional QTL mapping for waterlogging tolerance in
two RILs populations of wheat. Springerplus 2 (1), 1–7. doi: 10.1186/2193-1801-2-245

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the growth
stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.tb01084.x

Zanin, L., Zamboni, A., Monte, R., Tomasi, N., Varanini, Z., Cesco, S., et al. (2015).
Transcriptomic analysis highlights reciprocal interactions of urea and nitrate for nitrogen
acquisition by maize roots. Plant Cell Physiol. 56 (3), 532–548. doi: 10.1093/pcp/pcu202

Zhang, H., Chen, J., Li, R., Deng, Z., Zhang, K., Liu, B., et al. (2016). Conditional QTL
mapping of three yield components in common wheat (Triticum aestivum L.). Crop J. 4
(3), 220–228. doi: 10.1016/j.cj.2016.01.007

Zhang, N., Zhao, L., Mawcha, K. T., Zhao, C., Yang, W., and Liu, D. (2020).
Evaluation of leaf rust resistance in the Chinese wheat cultivar ‘Een1’. PeerJ 8, e8993.
doi: 10.7717/peerj.8993

Zhao, Y., Cai, M., Zhang, X., Li, Y., Zhang, J., Zhao, H., et al. (2014). Genome-wide
identification, evolution and expression analysis of mTERF gene family in maize. PLoS
One 9 (4), e94126. doi: 10.1371/journal.pone.0094126

Zheng, X., Wen, X., Qiao, L., Zhao, J., Zhang, X., Li, X., et al. (2019). A novel QTL
QTrl.saw-2D.2 associated with the total root length identified by linkage and
association analyses in wheat (Triticum aestivum L.). Planta 250 (1), 129–143.
doi: 10.1007/s00425-019-03154-x

Zhuang, M., Li, C., Wang, J., Mao, X., Li, L., Yin, J., et al. (2021). The wheat SHORT
ROOT LENGTH 1 gene TaSRL1 controls root length in an auxin-dependent pathway. J.
Exp. Bot. 72 (20), 6977–6989. doi: 10.1093/jxb/erab357
frontiersin.org

https://doi.org/10.1186/s12870-015-0692-1
https://doi.org/10.1007/s00122-004-1902-7
https://doi.org/10.1007/s00122-004-1902-7
https://doi.org/10.1007/s11032-011-9605-7
https://doi.org/10.3389/fpls.2017.02096
https://doi.org/10.1111/ppl.12307
https://doi.org/10.3390/ijms19082388
https://doi.org/10.3390/ijms19082388
https://doi.org/10.1016/j.copbio.2014.11.015
https://doi.org/10.1016/j.copbio.2014.11.015
https://doi.org/10.1007/s10681-020-02627-5
https://doi.org/10.1556/CRC.35.2007.3.1
https://doi.org/10.3390/agronomy12010056
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1093/aob/mcu035
https://doi.org/10.1093/aob/mcu035
https://doi.org/10.1007/s00122-010-1484-5
https://doi.org/10.1007/s00122-010-1484-5
https://doi.org/10.1007/s10681-014-1314-y
https://doi.org/10.1016/j.cj.2020.01.007
https://doi.org/10.1038/s41598-019-47038-2
https://doi.org/10.1038/s41598-019-47038-2
https://doi.org/10.1139/g11-054
https://doi.org/10.3389/fpls.2019.01031
https://doi.org/10.1016/j.ecoenv.2020.110471
https://doi.org/10.1016/j.jbiotec.2021.02.008
https://doi.org/10.1038/s43247-022-00591-7
https://doi.org/10.3390/agronomy11081583
https://doi.org/10.1186/1471-2164-12-149
https://doi.org/10.1080/15592324.2014.1003752
https://doi.org/10.1029/2020JG005829
https://doi.org/10.1007/s13353-017-0406-5
https://doi.org/10.1007/s13353-017-0406-5
https://doi.org/10.1111/pbr.12048
https://doi.org/10.1016/S2095-3119(20)63192-6
https://doi.org/10.1186/s12864-021-07425-4
https://doi.org/10.1186/2193-1801-2-245
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1093/pcp/pcu202
https://doi.org/10.1016/j.cj.2016.01.007
https://doi.org/10.7717/peerj.8993
https://doi.org/10.1371/journal.pone.0094126
https://doi.org/10.1007/s00425-019-03154-x
https://doi.org/10.1093/jxb/erab357
https://doi.org/10.3389/fpls.2023.1092992
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Chromosome groups 5, 6 and 7 harbor major quantitative trait loci controlling root traits in bread wheat (Triticum aestivum L.)
	Introduction
	Materials and methods
	Plant materials
	Experimental design and evaluation of root traits in RILs
	QTL mapping
	Marker validation using validation populations
	Statistical analysis
	Potential candidate gene identification

	Results
	Phenotypic evaluation
	QTL mapping
	QTL validation
	Candidate gene identification

	Discussion
	Phenotypic analysis of root traits
	QTL for root traits in wheat
	Putative candidate genes on chromosomes 6A and 7B

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


